To study novel metamaterial structures for achieving slow waves. To study the applications based on slow wave components. Investigation on the tunability of the proposed structures.
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SUPPLEMENTARY NOTES
ABSTRACT
This research investigates the properties of slow-wave metamaterials and tunability. Case studies reported include the demonstration of electromagnetically induced transparency demonstration in a dielectric slab waveguide, a slow-light ultra-broadband absorber at RF frequencies, and tunable THz modulators in n-type semiconductors.
ew. modulated.
Other research results
Research results in details 1 . Electromagnetically induced transparency (EIT) observed in atomic media is a quantum coherent process. The transmission spectrum exhibits a narrow transparency window when a pumping light is present. The group velocity of a probing optical pulse may be greatly reduced (i.e., a slow wave) as a result of very steep dispersion. A slowing-down factor up to seven orders can be achieved by employing the EIT technique.
In this project, we have achieved an EIT-like phenomenon inside a single-mode dielectric slab waveguide in which the resonant elements (silver nanoparticles) are placed inside the core layer 2. In our designed absorber structure, several closely positioned propagating modes are supported in the quadrangular frustum pyramid composed of alternating metallic and dielectric patches with taped widths. EM waves with an ultra-wide spectral band are slowed down or even stopped in the quadrangular frustum pyramid structure due to the spatial inhomogeneity of the dispersion curves, leading to ultra-broadband absorption. Fig. 2 shows the image of the designed and fabricated structure. Especially, the absorption band can be tuned easily by change the grade of the qadrangular frustum pyramid widths. The bandwidth is more than 60% with respect to the central frequency, as shown in Fig. 3 .
1.
FIG. 2. Design and fabrication of the
ew. The absorption band is nearly independent of the incident angle below 40°, and as the incident angle increases further the absorption band becomes narrow. Nevertheless, the absorbance still remains above 80% even at 60° (see Fig. 4 ).
ew.
FIG. 4 The simulated (a) and experimental (b) angular dispersions of the absorbance peak for TE configuration.
3. We have investigated two types of tunable absorbers, one of which possesses a cross array as the superstructure, and the other has a complementary superstructure. By controlling the carrier density in the n-doped semiconductor spacer between the patterned metallic superstructure and the metallic ground with different applied voltage bias (see Fig. 5 ), the absorption can be sensitively varied, and the reflected wave amplitude acting as the modulated signal can be strongly modulated.
The cells fabricated on the top of n-doped GaAs are connected together with thin metallic wires to serve as a metallic gate (Schottky), and a voltage bias is applied between the Schottky and Ohmic contacts.
ew. e) It is found that the electric field can be enhanced strongly inside a permittivity-near-zero object in free space, when the transverse cross section of the object is small and the length along the propagation direction of the incident wave is large enough as compared with the wavelength. The incident electromagnetic energy can only flow almost normally through the outer surface into or out of the permittivity-near-zero object, which leads to large energy stream density and then strong electric field inside the object. Meanwhile, the magnetic field inside the permittivity-near-zero object may be smaller than that of the incident wave, which is also helpful for enhancing the electric field. 
